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Three BBH events, 
compared
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inspiral

merger

ringdown

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)



Starting to build up a mass distribution
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http://ligo.org/detections/GW170814.php ; https://media.ligo.northwestern.edu/gallery/mass-plot

http://ligo.org/detections/GW170814.php
https://media.ligo.northwestern.edu/gallery/mass-plot
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http://catalog.cardiffgravity.org/

http://catalog.cardiffgravity.org/


Data release:
https://www.gw-openscience.org/catalog/
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• GWTC-1 strain data, 
parameter estimation 
samples, skymaps, …

• Full O1 & O2 
strain data

• Tutorial, software
• Detector status
• Event alerts
• Lots more!



Sky localization for O2 detected events

Distributed low-latency O2 skymaps in ICRS 
coordinates - Mollweide projection. 
Shaded areas: 90% CR of source localization.
BAYESTAR (Singer & Price 2016 )
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Offline O2 skymaps from GWTC-1.
lalInference (Veitch et al. 2015 )

•Inclusion of Virgo greatly improves sky localization: 
importance of a global GW detector network for accurate localization 
of GW sources (GW170814, GW170817, GW170818)

•GW170818 (LHV) is best localized BBH to date: with a 90% area of 39 deg2

Low-Latency Gravitational Wave Alerts - Astrophys. J. 875, 161 (2019)
GWTC-1 - arxiv.org/abs/1811.12907 (2018)
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Sky localization in O2

Abbott, B.P et al. Living Rev Relativity (2018) 21: 3. https://doi.org/10.1007/s41114-018-0012-9
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90% area: 67 deg2 90% area: 49 deg2



Greatly improved sky localization
with 3 detectors
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http://ligo.org/detections/GW170814.php
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We can locate the source in 3D
– GWs are “standard sirens”

Fermi GBM
localization

Source located to 28 sq deg, and ~ 40 Mpc.
Time is of the essence! 
(Initial alert sent out 27 minutes after the GWs passed through LIGO)

Localization of GW170817



Virgo “non-detection” of GW170817 
was very important for sky localization!

The signal was in Virgo’s “blind spot”.
Reduces the localization patch to “only” ~28 deg2
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LIGO-Virgo / Greco, Arnaud, Vicere (2017). Background: Fermi/NASA



GW170817 - The next evening
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M. M. Kasliwal et al., Science 10.1126/science.aap9455 (2017).



Coordinated Observations with the GW Network

13

https://dcc.ligo.org/LIGO-P1900218/public - pending update to: Abbott, B.P et al. Living Rev Relativ (2018) 21: 3. 

https://dcc.ligo.org/LIGO-P1900218/public


Estimated Sensitivity Evolution: 
LIGO, Virgo, KAGRA
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LIGO                                     Virgo                                      KAGRA

https://dcc.ligo.org/LIGO-P1900218/public - pending update to: Abbott, B.P et al. Living Rev Relativ (2018) 21: 3. 

https://dcc.ligo.org/LIGO-P1900218/public


Estimated Inspiral Ranges 
for LIGO, Virgo, KAGRA

‘Seeing’ distance (averaged over all sky and binary 
orientations) to binary neutron star (1.4 M¤-1.4 M¤) 
and binary black hole (30 M¤-30 M¤) for SNR = 8

Note: Horizon distance ≈ 2.25 x average distance
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https://dcc.ligo.org/LIGO-P1900218/public - pending update to: Abbott, B.P et al. Living Rev Relativ (2018) 21: 3. 

https://dcc.ligo.org/LIGO-P1900218/public


Major LIGO Detector 
Improvements for O3 

• Squeezed light injection
• Goal is 3 dB noise reduction; have seen 2+ dB  

• Replaced all end test masses, added annular end 
reaction masses

• Vastly improved interferometer stray light control

• New robust 70W laser amplifiers à 50 W into 
interferometers

• Installation of acoustic mass dampers on all test 
masses

• Parametric instability suppression à hasn’t 
been a problem in O3, shouldn’t be a problem 
for O4!

• New monolithic Signal Recycling Cavity mirrors, 
new 118 MHz SRC modulation sideband control 
scheme

• Replace Output Faraday Isolators 

• Electric field meters installed in one end station for 
H1 and L1 16

Acoustic Mass
Dampers 

Installing in-vacuum 
squeezer

on L1

Stray light control



LIGO Progress – Online detector status
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https://www.gw-openscience.org/detector_status/

https://www.gw-openscience.org/detector_status/


18

https://gracedb.ligo.org/superevents/public/O3/

https://gracedb.ligo.org/superevents/public/O3/


• Preliminary Notices sent 
out within ~ minutes with 
no human intervention.
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https://gcn.gsfc.nasa.gov/gcn3/24168.gcn3

https://gcn.gsfc.nasa.gov/selected.html

GCN/LVC Notices and Circulars 

https://gcn.gsfc.nasa.gov/gcn3/24168.gcn3
https://gcn.gsfc.nasa.gov/selected.html
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https://emfollow.docs.ligo.org/userguide/

https://emfollow.docs.ligo.org/userguide/


21Abbott, B.P et al. Living Rev Relativ (2018) 21: 3. https://doi.org/10.1007/s41114-018-0012-9
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LIGO in the Era of LSST

2016 2018 2020 2022 2024 2026
Calendar year
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The Network in mid-2020’s

Advanced LIGO 
Hanford,Livingston
2015 → A+ 2024 

Advanced 
Virgo
2016

LIGO-India
2025

KAGRA
2019



Advanced LIGO Plus   (A+)
A Mid-scale Upgrade to Advanced LIGO

• An incremental upgrade to aLIGO that leverages existing 
technology and infrastructure, 
with minimal new investment and moderate risk

• Target: factor of 1.7 increase in binary inspiral detection range 
over aLIGO baseline design

èAbout a factor of 4-7 greater CBC event rate 
• Bridge to future 3G GW astrophysics, cosmology, 

and nuclear physics 
• Stepping stone to 3G detector technology
• Can be observing within 6 years (late 2024)
• “Scientific breakeven” within  1/2 year of operation
• Incremental cost: a small increment on aLIGO

• US$ 20.4M (NSF) + GB£ 10.1M (UKRI/STFC) +AU$  0.2M (ARC) 
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Projections toward aLIGO+ (Comoving Ranges: NSNS 1.4/1.4 M- and BHBH 20/20 M-)

Advanced LIGO ‘A+’   
~ 2024/2025 and beyond

• Sensitivity improvement over ALIGO:
• 1.4/1.4 M¤ BNS inspiral range by ~ 

1.9 to 325 Mpc
• 30/30 M¤ binary black hole inspiral 

range by ~1.6 to > 2.5 Gpc
Greater event rate than Advanced LIGO
àHigher SNR CBC events

• Employs frequency-dependent 
squeezing & lower thermal noise mirror 
coatings 

• Currently planning for a 1.5-2 year run 
duration beginning mid 2024 or early 
2025

• LIGO-India planned to come online in 
the A+ configuration in 2025
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A+

aLIGO design

BNS: 325 Mpc
BBH: 2563 Mpc

BNS: 173 Mpc
BBH: 1607 Mpc

O2



BBH redshift distribution 
Advanced LIGO → ‘A+’   ~ 2024/2025
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S. Vitale, M1800040 



BNS Disruption & Post-Merger Physics
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BNS @ 100 Mpc
Read, Schmidt, Clark and Lackey,   G1700453
Read et al, Phys. Rev. D 88, 044042 (2013)

A+



2019+ Or HLVK   2024+

Improving Localization
with four detectors
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Abbott, B.P et al. Living Rev Relativ (2018) 21: 3. https://doi.org/10.1007/s41114-018-0012-9

~10 deg2 over the entire sky.120 – 180+ deg2 across the sky.
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Abbott, B.P et al. Living Rev Relativ (2018) 21: 3. https://doi.org/10.1007/s41114-018-0012-9

Plausible observing schedule, expected sensitivities, 
and source localization with the 

Advanced LIGO, Advanced Virgo and KAGRA detectors



Longer Term:
_________________

Facility-limited ‘2.5 Generation’ Detectors
_________________

New ‘3rd Generation’ Gravitational-wave Observatories
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https://arxiv.org/abs/1903.09220 
https://arxiv.org/abs/1903.09277 
https://arxiv.org/abs/1903.09221 
https://arxiv.org/abs/1903.09260 
https://arxiv.org/abs/1903.09224
https://arxiv.org/abs/1903.04615

3G GW detector White Papers 
Submitted to Astro2020 
(2020 Astronomy and Astrophysics Decadal Survey)



Voyager: Facility-limited LIGO Detector
• Voyager Key Technologies

• Silicon Mirrors: 200 kg, 
45 cm dia., mCZ process

• Mirror Coatings: 𝛂-Si/SiO2  
(𝛂-Si: ~lossless thin film)

• Cryogenics: 123 K (zero CTE), 
radiative (non-contact) cooling

• Lasers (2000 nm): P~ 180 W, 
PARM ~ 2800 kW

• Wavefront Compensation: 
thermally adjustable lenses only 
(no actuation of test mass)

• Photodiode Quantum 
Efficiency: 80 -> 99% for 2 
micron

• Effort Led by R. Adhikari
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Einstein Telescope (Europe) 

l Third-generation GW observatory
l Target sensitivity for ET a factor of ten 

improvement in comparison to current 
advanced detectors

l 10 km long, Underground
l Xylophone configuration, 6 interferometers

Slide Credit:
Vaishali Adya, AEI

Formal Design Study 
completed in 2011: 
http://www.et-gw.eu/etdsdocument
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http://www.et-gw.eu/etdsdocument


Cosmic Explorer (US)
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First Stars Formed

l Third-generation GW observatory
l Target sensitivity a factor of > 10 improvement 

in comparison to current advanced detectors
l Above ground, 40 km arm length, L configuration 

Formal design study under way (M. Evans, MIT, lead PI)
cosmicexplorer.org

cosmicexplorer.org
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https://arxiv.org/abs/1903.04615

https://arxiv.org/abs/1903.04615


Detector Sensitivities
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O B S E R V I N G  E A R L I E S T  M O M E N T S  O F  
F O R M AT I O N  O F  S TA R S  A N D  S T R U C T U R E

5Evan Hall
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https://dcc.ligo.org/LIGO-G1900803/publichttps://arxiv.org/abs/1903.04615

https://dcc.ligo.org/LIGO-G1900803/public
https://arxiv.org/abs/1903.04615


Let’s build up a close and 
tight connection between 
GW detection and LSST, to 

maximize the science!
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